[1] A low-dimensional, plasma physics-based, nonlinear dynamical model of the coupled magnetosphere-ionosphere system, called Real-Time Solar Wind Magnetosphere-Ionosphere System (WINDMI), is used to predict AL and Dst values approximately 1 h before geomagnetic substorm and storm event. Subsequently, every 10 min ground-based measurements compiled by World Data Center, Kyoto, are compared with model predictions (http://orion.ph.utexas.edu/$windmi/realtime/). WINDMI model runs are also available at the Community Coordinated Modeling Center (http://ccmc.gsfc.nasa.gov/). The performance of the Real-Time WINDMI model is quantitatively evaluated for 22 storm/substorm event predictions from February 2006 to August 2008. Three possible input solar wind-magnetosphere coupling functions are considered: the standard rectified coupling function, a function due to Siscoe, and a recent function due to Newell. Model AL and Dst predictions are validated using the average relative variance (ARV), correlation coefficient (COR), and root mean squared error (RMSE). The Newell input function yielded the best model AL predictions by all three measures (mean ARV, COR, and RMSE), followed by the rectified, then Siscoe input functions. Model AL predictions correlate at least 1 standard deviation better with the AL index data than a direct correlation between the input coupling functions and the AL index. The mean Dst ARV results show better prediction performance for the rectified input than the Siscoe and Newell inputs. The mean Dst COR and RMSE measures do not readily distinguish between the three input coupling functions.
Introduction
[2] The rapid forecasting of magnetospheric storms and substorms from solar wind data with reliable models is of wide interest and important for protecting the space infrastructure of communication and global positioning spacecrafts. There are basic constraints from plasma physics that forecasting models must observe. The models need to forecast the standard geomagnetic indices used to define substorms and storms such as the AL and Dst indices. The AL index is commonly used as an indication of the intensity of substorms, while the Dst index characterizes storm activity and is a measure of the energy stored in the Earth's ring current.
[3] The AL index is derived from measurements of the horizontal component of the Earth's magnetic field at stations located along the auroral oval in the Northern hemisphere [Rostoker, 1972] . The AL index is compiled every minute over a 24 h period in a day and is obtained by selecting the most negative values measured among 12 stations located along the auroral zone, all of them above 50°latitude. The most negative values are taken to be the strongest activity of the westward auroral electrojet which is given by the region 1 field aligned current in the model, that closes in the nightside magnetosphere through the nightside auroral ionosphere. The Dst index is obtained from the measurement of the Earth's magnetic field from observatories that are sufficiently distant from the auroral and equatorial electrojets and located at approximately ±20°latitude, while being evenly distributed in longitude [Sugiura, 1964] . In this paper, the Dst index is compared to the output from the Solar Wind MagnetosphereIonosphere System (WINDMI) model through the ring current energy W rc using the Dessler-Parker-Schopke relation [Dessler and Parker, 1959] .
[4] There are many models for the Dst, including Burton et al. [1975] , Klimas et al. [1998] , O'Brien and McPherron [2000] , and Li [2002, 2006] . Models for the electrojet currents and the AL index include Bargatze et al. [1985] , Klimas et al. [1992 Klimas et al. [ , 1994 , and Li et al. [2007] . Temerin and Li [2006] have reported a high accuracy in Dst prediction with COR = 0.956, PE = 0.914, and RMSE = 6.65 nT for the period of 1995 --2002. The complex empirical AL model of Li et al. [2007] achieves COR = 0.795, PE = 0.524, and RMSE = 88 nT for 1997 --2001. The comparison of RealTime WINDMI with other AL and Dst models is being considered for analysis as model results during solar maximum are accumulated.
[5] In this work, analysis of first results from Real-Time WINDMI model for 22 storm and substorm events from February 2006 to May 2008 is presented. In section 2 the WINDMI model and how it has been extended to run in real time is discussed. Event selection is discussed and Real-Time WINDMI model AL and Dst prediction performance is evaluated using statistical measures for three candidate input solar wind-magnetosphere coupling functions in section 3. The 14 --18 December 2006 storm and substorm event is discussed in more detail in section 4. In section 5 discussions and future model uses and enhancements are presented.
WINDMI Model Description
[6] WINDMI is a low-dimensional (d = 8) plasma physicsbased model of the coupled magnetosphere ionosphere system [Horton and Doxas, 1996] . The nonlinear system of ordinary differential equations describes the energy transfer between the basic components of the system: the geotail lobe with associated current I and voltage V, the central plasma sheet with pressure p and parallel kinetic energy K k , the ring current with energy W rc , the nightside region 1 current I 1 with voltage V I , and the nightside region 2 current I 2 that closes as the partial ring current [Horton and Doxas, 1998; Spencer et al., 2007] . Of the eight dynamical variables determined by the model, the region 1 field aligned current I 1 and the ring current plasma energy W rc can be compared the AL and Dst indices. The input to the model is the solar wind driving voltage V sw coupling function. The equations for the state vector X = (I, V, p, K k , I 1 , V I , I 2 , W rc ) in the WINDMI model are given by
The 18 physical parameters of WINDMI are approximated semianalytically or from data and the nominal values are shown in Table 1 . The parameters can also be optimized (against the Quicklook Dst data) within physically allowable ranges, using a genetic algorithm. The optimized results are only meaningful when the real-time Quicklook Dst data is available and reliable. The nominal parameters, genetic algorithm procedure, and calculation of the model prediction for the AL and Dst indices are described in detail by Spencer et al. [2007] . For this work the nominal values of the parameters are used for all events.
[7] Real-time measurements of solar wind proton density n sw , solar wind velocity v bulk , and interplanetary magnetic field (IMF) B IMF are available from the ACE spacecraft [Stone et al., 1998 ] in 1 min intervals. The ACE spacecraft has a halo orbit about the L1 Lagrange point located approximately 1.5 Â 10 6 km from the Earth. The data is time delayed using the formula t delay = (X ACE À X MP )/v bulk where X ACE is the average x coordinate of the ACE spacecraft in GSM coordinates, X MP is the average magnetopause standoff distance over the storm period calculated from the Shue et al. [1997] formula, and v bulk is the average solar wind bulk velocity for the duration of the event. The more accurate time delay formulas of Weimer et al. [2003] ; Bargatze et al. [2005] are being implemented for future studies.
[8] These quantities are used to derive a series of input solar wind driving voltages for the WINDMI model. There are several candidate coupling functions for the driving voltage and three are considered in this work: the rectified, Siscoe, and Newell coupling functions.
[9] The rectified driving voltage [Burton et al., 1975; Reiff and Luhmann, 1986] 
[10] The second coupling function is given by Siscoe et al. [2002a Siscoe et al. [ , 2002b and Ober et al. [2003] as the potential drop around the magnetopause from magnetic reconnection in the absence of saturation mechanisms. The formula is given by
where E sw = v bulk B T sin( . Here m p is the mass of a proton and only the proton density contribution has been included in n sw . The IMF clock angle q is given by tan À1 (B y /B z ).
[11] The third coupling function by Newell et al. [2007 Newell et al. [ , 2008 represents rate of magnetic flux d F MP /dt opening at the magnetopause
which gives the driving voltage
The scaling factor n = V Bs sw /dF MP =dt is the ratio of the average rectified voltage to the magnetic flux for the storm period.
[12] Every 10 min the data and and WINDMI model predictions for the concurrent runs are shown on the website: http://orion.ph.utexas.edu/$windmi/realtime/. WINDMI model runs can also be requested from the Community Coordinated Modeling Center (http://ccmc. gsfc.nasa.gov/). For this work the trigger threshold for storm activity is set to a Dst level of below À50 nT and for substorm activity the trigger threshold is set to an AL Volume of the central plasma sheet that supports mean pressure p(t), initial estimate is 10
Heat flux limit parameter for parallel thermal flux on open magnetic field lines Table 2 and were selected on the basis of Real-Time WINDMI results triggering on a threshold of Dst À50 nT or AL À400 nT. This is only a subset of larger substorm events between February 2006 to August 2008 that meet this criteria and there were many other mostly smaller substorm events during this period that are not well defined. The time interval was selected such that the initial, main, and recovery phases of the Dst signature were included. The time interval must also include any AL activity above 400 nT but starts and ends with a ''quiet time'' AL of less than 100 --200 nT.
[14] The World Data Center (WDC), Kyoto, minimum Dst and AL data and Real-Time WINDMI minimum Dst and AL predictions for both input drivers are also shown in Table 2 . Seven of the 22 events had sudden storm commencement. The mean Dst index data is À64.3 nT and and the mean AL index is À1252.6 nT for these selected events. The time interval chosen for each event was determined using both AL and Dst data. The time interval used to evaluate model performance was a subset of each event only during a shorter period around which storm or substorm activity was above the threshold. For each event, the given activity time range was fixed for both AL and Dst comparisons.
Model Performance
[15] Concurrent runs of the Real-Time WINDMI model are performed using the input solar wind rectified driver, Siscoe driver, or Newell driver with WINDMI model nominal parameters. The model parameters are held fixed for all driver inputs and events and therefore variations in the model output are due to differences in the driving voltage. The performance of the model was measured with the average relative variance (ARV), correlation coefficient (COR), and root mean squared error (RMSE) for each event. These metrics are defined in Appendix A. In this work ACE Level 2 data was used in the calculations instead of ACE real-time data which is normally used on the Real-Time WINDMI website. WDC, Kyoto, AL and Dst data and model comparisons were calculated using provisional values when available. For this work, provisional AL data was available for all of the events, Dst data was provisional up to January 2007, and so Quicklook Dst data was used for the remaining events. b Here the first value is the result using rectified input driver V sw Bs (equation (9)), the second value is the result using the Siscoe input driver V sw S (equation (10)), and the third value is the result using the Newell input driver V sw N (equation (12)). c The model AL and Dst did not reach the defined activity threshold for the alerts and were not detected. They are close to the thresholds and are included here for statistical analysis.
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[16] The mean AL and Dst ARV of all of the events is shown in Table 3 for the three input coupling functions. In Table 4 the mean AL and Dst correlation coefficient is shown. For the 22 events, the AL prediction performance has a mean ARV = 0.38 ± 0.21 and COR = 0.62 ± 0.13 using the rectified voltage as input. When the Siscoe voltage is used as input the mean AL ARV = 0.41 ± 0.16 and COR = 0.52 ± 0.15. The Newell input coupling function has the best AL performance of the three with a mean ARV = 0.33 ± 0.17 and COR = 0.64 ± 0.12.
[17] The best Dst prediction is obtained from the rectified input voltage with a mean ARV = 0.37 ± 0.27 and COR = 0.80 ± 0.12. For Siscoe voltage input the mean Dst ARV = 0.42 ± 0.23 and COR = 0.77 ± 0.13. The mean Dst ARV = 0.54 ± 0.39 and COR = 0.79 ± 0.14 results for the Newell input show that the Newell input coupling function did not perform as well as the rectified and Siscoe input. However, the mean Dst COR for all three input functions are very similar with only a few percent differences.
[18] Table 4 also shows the direct correlation coefficient of the AL index with the input solar wind driving voltage (calculated from data) in the third column. The direct correlation of Dst index with the input driving voltage is not shown as the model Dst will always have a higher correlation with the Dst index data than the input coupling function, because the Dst a time integrated index. The mean direct correlation coefficient for the AL is COR = 0.40 ± 0.20 with the rectified, COR = 0.37 ± 0.18 for the Siscoe input, and COR = 0.42 ± 0.18 for the Newell input. The model AL correlates with the AL index data at least one standard deviation better than a direct correlation of each coupling function with the AL data.
[19] The mean RMSE of the events is shown in Table 5 and the values confirm the ARV and COR comparisons of the three coupling functions. The AL prediction has an average RMSE = 111.5 ± 39.5 nT, 126.1 ± 52.4 nT, and 125.2 ± 45.5 nT for the Newell, rectified, and Siscoe input voltages, respectively. For the Dst prediction the average RMSE = 9.8 ± 3.4, 10.7 ± 4.0, and 11.9 ± 6.9 nT for the rectified, Siscoe, and Newell coupling functions.
[20] Storm prediction can also be assessed from the statistical decision process perspective. Using the storm event selection criteria we define ''correct'' to mean the data Dst À50 nT and the model was also Dst À50 nT. The type I error or ''false negative'' means the data Dst À50 nT and the model Dst was not À50 nT. The type II error or ''false positive'' means the data was not Dst À50 nT and the model Dst was À50 nT. The statistical Dst decisions are evaluated from [21] WINDMI model results can be compared with a simple persistence model in which the prediction is the AL or Dst value from the previous hour. The persistence Dst prediction performs very well with an average ARV = 0.06 ± 0.04 and COR = 0.94 ± 0.03. These results are consistent with the Dst measuring the time integrated strength of the large-scale ring current which is not strongly influenced by chaotic magnetosphere processes. The AL persistence prediction does not perform as well as the WINDMI model with an average ARV = 0.52 ± 0.27 and COR = 0.43 ± 0.16. The AL index measures the smaller-scale electrojet currents which are dependent on magnetosphere turbulence and the solar wind-magnetosphere dynamic interaction and therefore the AL is better characterized by the WINDMI model.
Real-Time WINDMI Results: The 14--18 December 2006 Event
[22] ACE solar wind data for the largest event, 14 --18 December 2006, is shown in Figure 1 . A halo CME occurs at 0254 UT on 13 December with a projected speed of 1774 km/s and is accompanied by an X3.4 flare [McKenna-Lawlor et al., 2008; Liu et al., 2008] . The rectified, Siscoe, and Newell input driving voltages for this period are shown in Figure 2 and the Real-time WINDMI results, AL, Dst, and SYM-H, data are shown in Figure 3 . There is a shock at 1352 UT on 14 December in the ACE number density and velocity data with a speed of 1030 km/s [Liu et al., 2008] . Sudden storm commencement occurs at 1414 Table 2 ). The ARV is calculated using equation (A1) in Appendix A. Table 2 ). The mean direct correlation between the calculated input driving voltage V sw and the AL index is shown. The COR is calculated using equation (A2) in Appendix A. 10.7 ± 4.0 Newell V sw N 111.5 ± 39.5
11.9 ± 6.9 a For the selected events from February 2006 to August 2008 (listed in Table 2 ). The RMSE is calculated using equation (A3) in Appendix A.
UT on 14 December and the Dst reached À146 nT at 0730 UT (the midpoint of the hourly Dst interval) on 15 December. In recent years a new index, SYM-H, representing ring current development with a 1 min temporal resolution, has become available [Iyemori, 1990] and can be used as a higher-resolution version of Dst [Wanliss and Showalter, 2006] . On 15 December, minimum SYM-H reached À211 nT at 0056 UT and hourly-averaged SYM-H À191 nT at 0030 UT. The minimum D H values at the Earth due to the ring current in WINDMI are À180/À193/À228 nT for Figure 1 . ACE solar wind number density, velocity, and interplanetary magnetic field data for 14 --18 December 2006 in GSM coordinates show a shock at 1352 UT on 14 December with a speed of 1030 km/s. the rectified/Siscoe/Newell driver voltages at 0914/0926/ 0924 UT, respectively, on 15 December. These values are very close to the observed minimum SYM-H but are significantly lower than the observed minimum Dst. In addition, the minima in Dst and SYM-H occurred 1.75 --2 and 8.5 h earlier, respectively, than the WINDMI minimum Dst prediction. As a result, the ring current was well into its recovery phase by the time WINDMI predicted peak ring current energy content. The observed earlier recovery of the SYM-H and Dst compared to WINDMI is most likely due to a drop in the nightside plasma sheet density (ring current source population) observed by the LANL geosynchronous satellites [data from CDAWeb, courtesy of LANL]. Decreases in plasma sheet density on the nightside are known to be a contributing factor at times in the ring current decay [Kozyra et al., 1998; Liemohn et al., 2001; Jordanova et al., 2003] ; but these variations are not represented in WINDMI.
[23] The AL index shows much activity with large negative spikes of À1690, À1732, and À1555 nT on 14 December at 1451, 1549, and 1802 UT, and larger negative spikes of À2191, À2349, À2237, and À2183 nT on 15 December at 0246, 0324, 0852, and 1135 UT. WINDMI missed the AL spike at 1451 UT on 14 December associated with shock arrival. It predicted the timing and magnitude of next two AL spikes quite well. But then underpredicted the magnitude of the larger AL spikes on 15 December. This is particularly interesting because the AL spikes at 0324 and 0852 UT on 15 December both preceded large drops in nightside plasma sheet density that contributed to intervals of rapid ring current recovery not reproduced in WINDMI. A more detailed analysis of the reasons for discrepancies between WINDMI predictions and observations is being undertaken as a follow on to the results reported here.
Discussion and Conclusions
[24] For the time period between February 2006 and September 2008, 22 storm and/or substorm events are studied on the basis of forecasts with the Real-Time WINDMI model. The model has been working reliably for 2 years with an email alert system set to a threshold of À50 and À400 nT for the predicted Dst and AL, respectively.
[25] The performance of the model is evaluated for 22 events (see Table 2 ) with the Average Relative Variance (ARV), correlation coefficient (COR), and Root Mean Squared Error (RMSE) by comparing model results to AL and Dst data from WDC, Kyoto. The Newell input function yielded the best model AL predictions by all three measures (mean ARV, COR, and RMSE), followed by the rectified, then Siscoe input functions. Model AL predictions correlate at least one standard deviation better with the data than a direct correlation between the input coupling functions and the AL index.
[26] The rectified input has the best mean Dst ARV by a percent difference of 13% and 37% from the mean Dst ARV of the Siscoe and Newell inputs, respectively. The mean Dst COR and RMSE measures do not readily distinguish between the three input coupling functions. The solar wind input driver which produces the best Dst and AL WINDMI model predictions are different for each index. This suggests that different solar wind-magnetosphere coupling physics may be responsible for producing the electrojet and ring current.
[27] Spencer et al. [2009] show that the Newell input function yields slightly better Dst results and the rectified input slightly better AL results when used with an optimized parameter set. However, their study was for large geomagnetic activity of long duration (15 --24 April 2002) for which the input coupling functions were evaluated after WINDMI model parameter optimization on a large previous event (3 --7 October 2000).
[28] This study can be extended to evaluate the performance of the model using other input driving voltages and for optimized WINDMI parameters. The database of RealTime WINDMI Dst predictions can also be compared with other ring current models which contain different loss and energization processes.
[29] Some model enhancements in development include adding more physics to the calculation of the Dst due to tail current increases, and Dst sudden commencement features which are being modeled by computing compression of the dayside magnetopause. The model is also in the process of being extended to include the dayside magnetosphere current systems which would provide a model AU prediction.
Appendix A: Measures of Performance [31] The average relative variance (ARV) is the primary measure used and is given by
The ARV approaches zero when the model output and data converge to each other. When the ARV is equal to one then the model is only as good as the average of the data. The prediction efficiency (PE) is given by PE = 1 À ARV.
[32] The correlation coefficient (COR) is given by
and is a measure of how well correlated the model is to the data with COR = 0 meaning they are uncorrelated, COR > 0 for a positive correlation, and COR < 0 for a negative correlation. The root mean squared error (RMSE) quantifies the amount by which the model differs from the data and is given by
The RMSE has the units of the data (nT) and thus is useful for inferring the range of uncertainty in the predicted signal. Small RMSE values are indications of model results in good agreement with data.
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